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A simple and high-efficiency method for direct generation of all-solid-state single- and dual-vortex lasers operating at eye-safe 
wavelengths is reported in a compact diode-end-pumped Nd:YAG laser cavity. By off-axis pumping of the Nd:YAG in two 
orthogonal directions, the original cavity mode, fundamental Gaussian mode (TEM00), is directly transformed into first-order 
Laguerre-Gaussian (LG01) mode with single- or dual-vortex structures depending on the degree of the off-axis pumping. 
Moreover, the single- and dual-vortex lasers can be produced in simultaneous eye-safe dual-wavelength operation with the aid of 
an intracavity etalon. At the same time, a novel method to determine the handedness of achieved vortex lasers by using a plane-
concave mirror with suitable coating is also proposed. This method can be perfectly applied to generate vortex lasers at other 
emissions bands for various applications by using different laser gain mediums. This work paves a general way to simple and 
efficient realization and determination of vortex lasers. 
 
 
          The singularity of the radiation field is identified by the term “optical vortex”, which is characterized by helical phase 
fronts. Such optical vortex beam with ring-shaped intensity profile has become more and more attractive because it is capable 
of providing orbital angular momentum (OAM) of ±lħ (l: integer) for each photon corresponding to azimuthal dependence of 
the phase front, exp(±lħϕ). Based on this distinct OAM property, optical vortex beams could have a variety of applications, 
such as in particle manipulation [1-3], quantum information [4], material processing [5,6], optical microscopy [7] and large 
capacity of optical communication systems [8,9]. 
To generate optical vortex beam with phase singularities artificially from an initial plane or Gaussian wave, a number 
of experimental techniques have been elaborated, which in general involve the utilizations of some particular optical elements, 
such as spiral phase plate [10], astigmatic lenses [11], optical wedges [12], cylindrical lens pair [13], spatial light modulators 
[14] and computer-generated holographic converters [15]. However, first of all, the introductions of these optical devices 
make the systems complicated, difficult in alignment and high cost. Moreover, some of these methods suffer from intrinsic 
drawbacks originating from the low damage threshold of these devices, e.g. spatial light modulators. Recently, vortex lasers 
generation based on intracavity method, i.e. the so-called direct generation, have drawn rising attention. For example, in 2012, 
LG0l laser modes were directly generated in a diode-pumped Nd:LYSO laser with doughnut-shaped beam of the pump source 
under the help of thermal lensing effect of the laser gain medium [16]. In 2013, using a 808-nm pump beam reconstructed by 
a capillary (hollow-core) fiber into a doughnut-shaped beam, Kim et al. [17] reported an actively Q-switched Nd:YAG  
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vortex laser with the aid of an etalon and a Brewster plate to ensure a particular helical wavefronts. In 2014, utilizing the 
combination of doughnut-shaped pump beam and thermal lensing effect of the laser gain medium, graphene-based passively 
Q-switched Nd:LYSO vortex laser was also demonstrated [18]. In fact, recently, intracavity vortex laser generation by using 
doughnut-shaped pump beam have become common and popular in such researches [19,20]. The reason is clear and 
fundamental: To match doughnut-shaped pump beam, the laser resonator is prone to generate ring-shaped laser mode. 
However, on the one hand, according to these previous publications, it does not lead to vortex laser automatically for 
pumping with doughnut-shaped beam, thermal lensing effect must occur to transform cavity mode into LG mode (see e.g. 
Ref. [16]), which indicates that the LG mode cannot be operated at threshold or even at low output power. Moreover, laser 
materials with weak thermal lensing effect will be ineffective on LG mode generation. On the other hand, in fact, pump 
source with doughnut-shaped beam is not standard and reshaping the pump beam into the required intensity profile not only 
complicates the system but also reduces the pump conversion efficiency. Intensive research on the development of simple 
and reliable methods for direct vortex laser generation is still on demand.  
For solid-state lasers, HG (Hermite-Gaussian) modes can be generated easily by off-axis pumping of laser gain 
medium, i.e. parallel displacing the pump beam from the optical axis of the laser resonator [13,21]. In this work, we realized 
direct generation of vortex lasers via off-axis pumping of the gain medium by rotating the gain medium (not parallel 
displacing the pump beam) in two orthogonal directions. Basically, this method does not introduce other optics inside or 
outside the laser cavity and this method has also been experimentally confirmed to be very efficient. Last but not least, a 
novel method by using a simple plane-concave mirror instead of the commonly used Mach-Zehnder interferometer to check 
the handedness of helical wavefronts has also been presented in this work. 
 
FIG. 1. Schematic of diode-pumped Nd:YAG vortex laser. 
To realize direct vortex laser generation, a simple and compact diode-pumped Nd:YAG laser with two-mirror 
configuration was arranged, as shown in Fig. 1. The pump source was a fiber-coupled diode laser emitting at 808 nm with 
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core diameter of 400 μm and numerical aperture of 0.22. The noticeable difference of the present vortex laser experiment lies 
in the utilization of a commoner and standard pump source with TEM00-mode intensity profile, instead of with ring-shaped 
pump beam. The pump beam was collimated and focused by two doublet lenses both with focal lengths of 50 mm. The used 
laser gain medium was a Nd:YAG crystal with dopant concentration of 0.5at%, cross section of 3×3 mm2 and thickness of 7 
mm. The end-face mirrors of the laser resonator consisted of a flat input mirror (IM) and a 50-mm (curvature radius) output 
coupler (OC). The IM has a high transmission of about 87% at pumping wavelength and a high reflection of about 99.8% at 
1.4 μm. The IM also has high transmissions of more than 90% at 1.06 and 1.1 μm, as well as transmission of more than 40% 
at 1.3 μm to suppress these high-gain emission lines. The OC has transmissions of about 1.79% and 2.39% at 1412 and 1442 
nm.  
At first, the laser cavity was optimized to realize a high-power laser output with cavity length of about 44 mm. Fig. 2 
shows the dependence of laser output power on the absorbed power of the laser crystal. A maximum output power up to 1.55 
W was achieved at 1442 nm with threshold of 1.41 W in absorbed power and slope efficiency of about 20.5%. The present 
laser results are comparable to that reported in Ref. [22] with similar laser output power and efficiency when considering the 
same absorbed power, while our laser threshold is lower than the reported results. Beam spot of the output laser is also shown 
as an inset in Fig. 2, which clearly shows a Gaussian TEM00 mode.  
 
FIG. 2. Output power characteristic of Nd:YAG laser at 1442 nm with inset showing TEM00 mode. 
 
In the following, the laser gain medium was rotated slightly in xz plane to force off-axis pumping. By doing this step, 
a HG01/HG10 mode in diagonal direction having petal-like pattern with two lobes was achieved, as Fig. 3(a) shown. The field 
distribution of the π/4 rotated HG01/HG10 mode relative to the x- or y-axis is equivalent to the sum of two HG01 and HG10 
modes. The importance for realizing mode conversion from HG to LG lies in a π/2 Gouy phase [11], which can be realized 
by passing the beam through a mode converter to make it astigmatic, e.g. a pair of cylindrical lens [11,13] or equivalent 
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operation to form such astigmatism. Further slightly rotating the Nd:YAG crystal in yz plane was conducted and 
consequently the HG01/HG10 mode was observed to transform into a transverse mode with donut-shaped intensity profile (see 
Fig. 3(b)). Since such doughnut beam could be coherent or incoherent superposition of two petal beams [19,23], it is 
necessary to confirm the vortex property of the achieved doughnut beam. Doughnut beam formed by incoherent 
superposition leads to an unclear spiral pattern in the interference patterns, however clear and stable helical wavefronts with 
well-determined handedness can be observed for coherent superposition of two petal beams, i.e. pure LG mode [19]. 
 
FIG. 3. (a) HG01/HG10 mode, (b) doughnut beam, (c) clockwise interference fringe, (d) anti-clockwise interference fringe, (e) enhanced 
clockwise interference fringe, (f) enhanced anti-clockwise interference fringe, (g) simulation of the clockwise interference fringe and (h) 
simulation of the anti-clockwise interference fringe. 
 
Mach-Zehnder interferometer is still relatively complicated system in spite of that it has been often used to check the 
handedness of helical wavefronts. Recently, Khajavi et al. [24] reported a new method to determining topological charge by 
using a commercial lateral shearing interferometer based on a wedged optical flat. In this work, we presented a simpler and 
cost-effective method to realize the same goal in the absence of a Mach-Zehnder interferometer, as shown in Fig. 1. The 
output laser was injected into a plane-concave mirror after focused by a positive lens. The plane face of the mirror was 
uncoated and therefore only Fresnel reflection should be considered. The concave of the mirror was high-reflection coated at 
1.4 μm. Thus, the optical fields of plane reflection and spherical surface reflection interfered at where a CCD was placed. Fig. 
3(c) shows the interference pattern of the two optical fields, which is a spiral pattern in anti-clockwise direction. The 
handedness of the helical wavefronts can be shifted by slightly tilting the Nd:YAG a little more, as Fig. 3(d) shown that the 
spiral pattern in clockwise direction can also be observed. The interference patterns shown in Fig. 3(c) and 3(d) were pretty 
stable and the handedness can be determined quite well, and therefore the present uniform donut-shaped beam can be 
confirmed to be LG01 mode with high purity. The qualities of the interference patterns can be further improved by making the 
vortex laser system more stable with less longitudinal modes. Therefore, a 0.5-mm-thick glass plate acting as F-P etalon was 
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inserted into the laser resonator, as shown in Fig. 1. After finely tilting the etalon with a small and suitable angle, enhanced 
interference patterns with higher contrasts were achieved, as shown in Fig. 3(e) and 3(f), which indicated that the purity of 
the LG01 mode was further improved. On the one hand, it is due to the etalon that reduced the existing longitudinal modes 
inside the laser resonator. On the other hand, optical components in the laser resonator are positioned symmetrically to the 
propagating direction, providing indistinguishable resonating loss to two LG01 modes with opposite helicity, which degrades 
the purity and therefore contrast of the LG01 mode. The introduction of etalon at specific angle may break the spiral 
propagation symmetry of two LG mode beams with opposite helical wavefronts, resulting in the selection of the wavefront 
handedness and further leading to enhanced contrast of the interference patterns [19].  
The field amplitude of LG mode can be written by [25] 
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where ω(z) is spot size, R(z) is the wavefront curvature,  ψ(z) is the Gouy phase of LG mode, z is the distance from the beam 
waist, r is the radius, ϕ is the azimuthal angle, p and l are the radial and azimuthal indexes of the mode respectively and Llp(x) 
is the generalized Laguerre polynomial. We can simulate the interference patterns by using the phase term of expression (1), 
as shown in Fig. 3(g) and 3(h).  
The generation of LG01 mode can be qualitatively analyzed by threshold condition. As we know, LG mode, like HG 
mode, is the eigenmode of the laser resonator. For end-pumped solid-state lasers, according to the modeling of Fan and Byer 
[26], thresholds, Pth, with respect to different transverse modes can be modified for four-level lasers, 
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where δ is the round-trip loss of laser resonator, σ is the emission cross section of the Nd:YAG crystal, l is the length of the 
Nd:YAG, ft  is the lifetime of the upper laser manifold, ph  is the pump quantum efficiency and ah  is the absorption ratio of 
the pump power. The ( ),r r z0 and ( ),s r z0  are the normalized intensity distributions of pump beam and cavity modes. In 
general, TEM00 mode oscillates firstly because of its lowest threshold. By rotating the laser gain medium in xz plane firstly to 
enforce an off-axis operation, TEM00 mode was suppressed because of an increased threshold for it, which originated from 
resonator mode mismatching and therefore increased intracavity loss for TEM00 mode. Thus, as a consequence, HG01/HG10 
mode exhibiting lower threshold oscillated before TEM00 mode. Similarly, LG01 mode started to oscillate subsequently since 
the laser resonator enforced additional loss to HG01/HG10 mode by further rotating the Nd:YAG crystal in yz plane. 
Fig. 4(a) shows that the maximum output power of the single vortex LG01 laser reached 1.48 W, i.e. a power 
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attenuation of less than 5% compared to the above TEM00 mode. Moreover, threshold of the LG01 laser was close to the 
TEM00 laser. During all the measurements of the output powers, the output laser was monitored to be vortical. That is to say, 
the increasing thermal lensing effect inside the laser crystal has not influenced the vortex output, which made this method for 
vortex generation more reliable and of advantage. Linear fitting these data, the slope efficiency of the single vortex laser was 
found to be about 18.6%. In addition, under this situation, the lasing wavelength was also found to be about 1442 nm, as 
shown in Fig. 4(b). 
 
FIG. 4. (a) Output power characteristics of Nd:YAG laser with single LG01 mode and dual LG01 mode; (b) the corresponding output 
spectrum showing peak wavelength at ~1442 nm. 
(a) (b)
(c) (d)
 
FIG. 5. (a) Gaussian beam spot of HG02/HG20 mode, (b) vortex laser with dual LG01 modes, (c) interference fringe of the dual vortex lasers 
and (d) simulation on the interference fringe of the dual vortex lasers. 
 
In this work, simultaneous dual vortex laser generation can also be realized. As Fig. 5(a) shown, similar to the above 
descriptions, at first, HG02/HG20 mode was achieved by rotating the Nd:YAG in xz plane to a larger angle. After, tilting the 
Nd:YAG in yz plane again, we then attained the laser output with two vortices, still in LG01 mode for each one (see Fig. 5(b)). 
Fig. 5(c) shows the interference pattern of the dual vortices with spherical surface wave, which contains two forks in 
symmetrical positions to the central fringe. Note that the interference pattern was obtained after the insertion of the 0.5-mm 
etalon again. Simulation of the interference pattern is shown in Fig. 5(d) by adding a new vortex phase term in expression (1), 
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which shows good agreement with the actual interference pattern. The output powers of the dual-vortex laser were also 
plotted in Fig. 4(a), which shows the maximum output power and slope efficiency reduced to 1.32 W and 17.2%, respectively. 
Note that the twin-vortex laser operated still at about 1442 nm.  
 
FIG. 6. (a) Output power characteristics of dual-wavelength Nd:YAG laser with single and dual LG0,1 mode; (b) the corresponding output 
spectrum showing a dual-wavelength laser at ~1412 and ~1442 nm. 
 
At last, simultaneous dual-wavelength and dual-vortex laser was also realized by inserting a 0.13-mm-thick etalon into 
the laser resonator to modulate the intracavity loss with respect to different emission lines. As Fig. 6(a) shown, for single 
vortex case, the maximum output power reduced to 1.06 W and the threshold increased to 3.49 W, thus leading to a slope 
efficiency of about 19.7%. For dual-vortex case, a maximum output power of 0.85 W, a threshold of 3.78 W and a slope 
efficiency of 17.6% were obtained. Both of the single and dual vortex lasers operated in simultaneous dual-wavelength mode 
at 1412 and 1442 nm because of the etalon, as Fig. 6(b) shown.  
In conclusion, 1.55-W TEM00-mode eye-safe Nd:YAG laser at 1442 nm with slope efficiency of 20.5% was achieved 
using a simple and compact diode-end-pumped two-mirror laser cavity. Based on the TEM00 mode laser, by rotating the 
Nd:YAG crystal, LG01 laser with single vortex was then obtained with maximum output power of 1.48 W and slope 
efficiency of 18.6%. Further tilting the Nd:YAG crystal, laser with dual-vortex structure can also be generated with 
maximum output power of 1.32 W and slope efficiency of about 17.2%. The present vortex laser can also be operated in 
dual-wavelength regime at 1442 nm and 1412 nm by inserting an etalon inside the laser cavity. Under this situation, i.e. dual-
wavelength lasing, the maximum output powers for single- and dual-vortex lasers reached 1.06 W and 0.85 W, respectively. 
What’s more, in this work, we have presented a new and simple method to determine the handedness of the vortex by only 
using a plane-concave mirror with suitable coating. Both methods show very good generalities, which can be safely applied 
to other laser systems for vortex laser generation and determination. As a proof, using the same methods, we have also 
successfully obtained single- and dual-vortex Nd:YVO4 lasers at 1.3 μm.  
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